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A method for inducing differentiation of supernumerary hair cells and Deiters'cells in 
the developing organ of Corti 

The invention relates to a method for inducing differentiation of supernumerary hair 
cells and Deiiers'cells in the developing organ of Corti, 

The mammalian organ of Corti has a highly organized tissue patterning mode of 
intricate sensory and non-sensory cells. Molecular cues thai drive this strict arrangement 
remain braodly unknown. In the embryonic day 19 organs of Corti, we showed that 
roscovitine, a chemical inhibitor of cyclin-dependcnt kinases, significantly increased the 
number of hair cells (HCs) and corresponding supporting cells (SCs) by triggering 
differentiation of precursor cells without interacting wiih cell proliferation*. The effect of 
roscovitine was mimicked by other CDKI, 2» 5, 7, inhibitors, but not by CDK4/6 and MAP 
kinase pathway antagonists, immunohistochemical analysis indicated that roscovitine specific 
intracellular targets; CDKI, 2, 5 f 7 and ERKl/2 were expressed in the organ of Corti and 
especially in Uensen's cells. Affinity chromatography studies showed a tight correlation 
between the protein levels of CDKI, 2 and 5 with the rate of roscovitine-induced 
supernumerary cells in the organ of Corti. tn addition, v/e demonstrated that basal kinase 
activity was higher and more roscovitine sensitive at Ihe specific developmental stages 
allowing the emergence of Supernumerary cells. The effects of roscovitine required the 
Math I transcription factor, as shown by the lack of effect of roscovitine on organs of Corti 
derived from Math 1 -null mice. These results that cyclin-dependcnt kinases are 

involved in the normal development of the organ of Corti and that, at least in E19 embryos, 
inhibition of CDKs is sufficient to trigger the differentiation of HCs and SCs, presumably 
from the Hensen's cells progenitors. The effects of roscovitine may be due either to the 
inhibition of phosphorylation (CDKl/2/5 inhibition) or inhibition of synthesis (CDK7 
inhibition) of factors repressing differentiation into the 1 iC phenoiype. 



Development of the organ of Corti. the auditory Sense organ of mammals, involves 
the differentiation of sensory hair cells (HC) .(inner and outer) and non sensory supporting 
cells (SC) including Deters' cells, pillar cells, inner phalangeal cells, tectal cells and 
Hensen's cells (Figure 1). Bach of these cell types has a distinct morphology that contributes 
to the complex structural and functional properties of the organ of CortL Production of new 
HCs occurs throughout life in the auditory and vestibular sensory receptor of fishes and 
amphibians an d in the vestibular receptors of birds 

. In contrast* ongoing production of auditory HCs during post- 
embryonic life does not appear to occur in avian auditory sensory epithelium, although HCs 
lost after sound trauma- or ototoxin-induccd death are replaced 

In mummals, embryonic HCs and SCs proliferation 
within the sensory epithelia culminates between embryonic days 13 (£13) and 15 (El 5) 
. . . while neonatal HC production never occurs under normal conditions. 
Tn higher eucaryotes, the commitment to cellular differentiation is controlled by series 
of highly scheduled events, involving. sequential signals that regulate decisions of cell cycle 
exit, cell survival and the onset of differentiation process. The choice to remain into or to 
withdraw from the cell cycle and to differentiate is made during the Gl phase of the cell 
cycle by the interaction of Gl cyclins, cyclm-dependent kinases (CDKs) and endogenous 
CDK inhibitors (CKI). Two classes of these endogenous CKis have been identified: the INK4 
family specifically inhibiting cyclin D-associated CDKs (CDK4 and CDK6), and the Cip/Kip 
family including p2l, P 27, and p57. inhibiting all types of CDK/cyclin complexes* 

Cip/Kip proteins arc thought to be critical terminal 



effectors of the signal transduction pathways that control ceil differentiation. 027**', which 
specifically inhibits CDK2, 4 and 6. has been shown to be an essential mediator of 
oligodendrocyte terminal differentiation. - P 27 wP ' expression is induced 

in the primordial organ of Corti between E12 and E14. correlating at this stage with cell 
division arrest in HCs' and SCs' progenitors, • .. Jo wild-type animals. 

p27 wiM expression is down-regulated during subsequent HC differentiation, but persists al 
high levels in differentiated SCs of the mature organ of Corti, tn mice with a targeted deletion 
of the p27* m gene, spontaneous supernumerary HCs and SCs are present in the posmatal 
organ of Cortu I Ectopic expression of CDK2, 

but not CDK.4 or any of the cycUn, inhibits NC* -mediated neuronal differentiation of PCI 2 

. • In addition, cell differentiation has been 

reported W correlate with the suppression or activation of kinase activity in several cell types 
including those of the neuronal, hematopoietic and myocytic lineages/ • 

Taken together, it is. clear that CDKs play a crucial ubiquitous role in the fine tuning of the 
balance between cell proliferation and differentiation, but the specific CDKs involved may 
vary between distinct cell phenotypes. 

We have investigated the function of cell cycle regulatory molecules in HC and SC 
differentiation of embryonic day 19 <E19> rat organs ofCorti. The E19 rat organ of Corti is a 
well suited model of HC and SC differentiation since culturing these explants results in the 
spontaneous appearance of supernumerary HCs and corresponding SCs via differentiadon of 
Hansen's cells in 10% of the explants regions. 



The inventors have found that roscovitine, a selective inhitor of the cyelin-dependent 
kinases CDKl, CDK2,CDK5, CDK7 and, to a lesser extent, of ERKl/ERK2,as well as the 
other kinase inhibitors, such as purine derivatives, indirubins, purvulanols 

significantly increases the appearance of supemumetary HCs and corresponding SCs in El 9 , 
rat organ of Corti after 5 days in vitro (D1V). A rapid decline in the formation of 
supernumerary HCs and corresponding SCs in response to* roscovitine is observed between 
E19 and PO. This lack of responsiveness to roscovitine is associated with the decline of the 
CDiCl, 2 and 5 expression and CDK1/2 enzymatic activity. CDK.1,2,5 and 7 arc 
preferentially localized in Hensen's cells, the proposed progenitor ceils from which HCs and 
SCs differentiate.-. , Altogether these results sugest that some 

pharmacological CDK. inhibitors may have a direct inducing effect on the, differentiation of • 
HCs and corresponding SCs from Hensen's cells. 

Deletion of the mouse basic helix-loop-helix (bHLH) transcription factor Mathl 
causes failure of HCs generation in the cochlea (Birmingham et al f 1999). In addition, Mathl 
has been shown to be specifically expressed in differentiating HCs at early embryonic stages 
and is absent from SCs and from cells outside the sensory* epithelium in the cochlea u 
„ These data .support Mathl as an essential factor 

in the control of HC differentiation. To determine whether expression of Mathl was required 4 
for the roscovitine-induced appearance of supernumerary HC, we used of cultured organs of 
Corti ftom Matli /m mice. In Maih/^nuU micL% the treatment of El 5.5 organs of Corti with 
roscovitine does not induce the appearance of HCs after 5DIV. However, in heterozygote 
mice, 3-gal positive supernumerary HCs arose. Taken together, these results demonstrate 
that the induction of HCs by roscovitine likely recapitulates the developmental pattern of HC 
development which is drastically Math /-dependent 



The invention thus relates to a method for inducing differentiation of supernumerary 
hair cells and Dciters'cells in the developing organ of Corti comprising administering to a 
patient in need thereof an efficient amount of at least one kinase inhibitor, particularly a 
kinase inhibitor selected in the group comprising purine derivatives, such as disclosed in US 
patent 

6 316 456, preferably the so-called roscovitine, indirubins and purvulanols, and 
pharraaceutically acceptable acid addition salts thereof, in association with a 
phannaceuticaliy acceptable carrier. 

Pharmaceutically acceptable acid addition salts of said compounds are formed with 
organic or inorganic acids according to usual methods. 

Suitable acids comprise acetic > ascorbic, maleic, phosphoric, salicylic and tartric acids. 

The medicaments comprise an effective amount of the above-mentioned compounds in 
association with a pharmacologically acceptable carrier. 

Said carrier may be solid or liquid depending on the administration form. 

The medicaments can be administered in various forms : parenterally, rectally, 
topically, transdermally or orally. They are more particularly administered by the oral or 
injectable route. 

For administration by the oral route, lozenges, compressed tablets, pills, tablets, 
capsules, drops, syrups, suspensions or emulsions, may be used. These compositions 
advantagcoulsy comprise 100 to 1000 mg of active principle per dose unit, preferably 300 to 
600 mg. 

Other forms of administration include injectable solutions for the intravenous, 
subcutaneous or intramuscular route, formulated from sterile or steri livable solutions. They 
can also be suspensions or emulsions. 

These injectable forms comprise 1 00 to 1000 mg of said compound, or a 
phannaceuticaliy acceptable salt thereof preferably 300 to 600 mg, per dose unit 



EXPERIMENTAL PROCEDURES 

Culture and treatments of organs of Cord 

Time-pregnant Sprague-Dawtey rats or neonates were killed by euthanasia on gestational 
days »7 (E17). E19, or on postnatal days 0 (day of birth - PO). P2 and P4 with CO,. Both 
cochleae were dissected free from the calvaria with watchmaker forceps and under a 
stereomicroscope. Each organ of Cord was freed from surrounding tissues and explarited 
intact onto the surface of a sterile membrane (Millicell™. 12 rnm, Millipore, Bedfotd, MA, 
USA) in minimum essential medium (MEM; Gibco. Gent, Belgium) into a 24-well culture 
plate (Nunc). Cultures were incubated at 37*C in a humidified atmosphere of 95% air and 5% 
CO*. Medium was renewed evury 2 days. (R)-Roscovitine (Alexis Corporation, San Diego. 
USA) was dissolved as a stock soludon in DMSO and added as indicaied- 

Generation of Math I knock-in mice 

Math! knockout mice were generated by replacing the Math! open reading frame 
(ORE) with the selectable marker PGKhprt as previously described by Ben-Arie et al.(Ben 
Aric et al, 1997). Maihl^^ knock-in mice were generated by replacing the Math! ORf 
with a 3-gaIactosidase (^al) reporter gene so that 3-gal is expressed in all cells that express 
Math! (Ben Arie et al, 2000). 

LncZ staining and genotyping of embryos 

Whole-mount lacZ staining was carried out on cultured El 5.5 organ of Corti cxplants 
as previously described (Berminghum et al, l999;Bcn Arie et al. 2000). After 5D1V, explants. 
were fixed in 4% paraformaldehyde for 20 minutes, washed thoroughly in PBS and 
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equilibrate in X-gal staining buffer (5 mM potassium ferricyanide, 5 mM potassium 
fcrrocyanide, 0.02% NP40, and 0.01% sodium deoxych'oiatc). Explants were stained 
overnight in X-gal buffer with X-gal (I mg/ml) then post-fixed in 4% paraformaldehyde. 
Genotyping of tail DNA was performed using Southern analysis of EcoRl digested DNA and 
probes as previously described (Ben Arie ec al, 1997). 

Semichin sections 

Exptants were fixed in 2.5% glutaraldehyde in O.IM. sodium cacodyiaie buffer (pH 7.4) for 
45 min. Specimens were then post-fixed in \% OsQ* in the same cacodylaie buffer for 30 
min.. dehydrated in graded ethanol concentrations and propylene oxide and embedded in 
epoxy resin (Agar Scientific Ltd, UK). Organ of Corti explams were sectioned parallel to the 
longitudinal wis of the HCs. Serial semi-thin sections, I :rn-thick, were cut with a diamond 
knife, stained with toluidine blue (0.5%) and observed by light microscopy. 

Scanning electron microscopy 

Explants for surface ultra structure I analysis were fixed in 2.5% glutaraldehyde in 0-1 M 
sodium cacodylate (pH 7.2) for 2 hours, washed three times in cacodylate. buffer, then 
postfixed for I hour with 1% osmium tettoxide. Explants were dehydrated in ascending 
concentrations of ethanol, critical-point dried from liquid COi and sputter coated with gold. 



All material was examined in a JEOL JSM-840 scanning electron microscope operating at 20 
kV. 



Immunohistochemistry, immunocyiochemsitry. and con/oca! microscopy 
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Immunohistochemtstry, immunocytochemistry and confocal microscopy were earned out as 
previously described (Malgrange et al f 2002a;Malgrange ec a!„ 2ti02c). Whole-mount 
preparations or cryostat sections (10-20 :m) were fixed with either 4% paraformaldehyde (10 
min. ai 20 Q C) or methanol (5 min. at -20°C>. Primary antibodies incubations were performed 
overnight at 4 a C. Preparations were washed three times in PBS before incubating with a 
secondary antibody conjugated to alexa488, alexa568 or TRITC fluorophore for I hour at 
20°C Sequential double labeling experiments were done with a 4% paraformaldehyde 
fixation step hi between each tmmunoreactioa Preparations were mounted on microscope 
slides and coverslipped with Fluoprep mounting medium (BioMerieux, Morcy TEtoile, 
France) and imaged using a Bio-Rad MRC1024 laser scanning confocal microscope. To label 
cells in S phase in vitro, BrdlJ (10 :M t Sigma, USA) which is incorporated into replicating 
DNA, was added to the cultures for 2 or 5DIV prior staining. 

The following primary antibodies were used: ami -myosin Vila (1:200; Tama Hasson, 
University of California at San Diego, San Diego, CA, USA), ami-CDKl (1;100, SC-54. 
Santa Cruz Inc., USA) antt-CDK2 (1:100, SC-163, Santa Cruz), anti-CDK5 (1:100, SC-173, 
Santa Cniz), anti-CDK7 (1:100, SC-529, Santa Cruz), anti-ERKI (reactive with ERK1 and 
ERK2, 1:100, SC-94. Santacruz), and-Jaggedl (1:100. SC-6011, Santa Cruz), ami-BrdU- 
FITC-conjugated antibody (1:3, Becton-Dickinson. USA). Omission of primary antibodies 
resulted in a complete loss of immunostaining (data not shovra). 

In situ detection of apoptouLs: TUNEf. labelling 

We looked for apoptosis in E 19 rat organ of Cord explants by staining the specimens 
cultured for 1,2 or 5DIV with the terminal deoxynucleotidyl transferase- media ted dUTP 
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nick-end labelling (TIJNEL) method using the ApopTag fluorescent detection kit (Oncot, 
Gaithcrburg, MO) as previously described (Malgrange et al, 2002b). 

nose-response experiments and temporal dependence 

Organs of Cord were dissected from E 1 9 rats and maintained in culture. At the time 
of seeding, the culture medium contained roscovirine at 1.25. 2.5. 5. 10, 30 or 100 :M r After 
5DTV, cultures were fixed and utimunostained for myosinVIIa and jaggedl as described 
above. In order to establish the time for optimal appearance of supernumerary HCs. E19 rat 
organs of Cotti were treated with 10 :M roscovitine and the fraction of supernumerary zone 
determined following fixation and immunocytochcmistry for myosinVIIa of the explants 
2, 4, 5 and 6 DIV. E17 r E19, P0, P2 and P4 rat organs of Corti were dissected and cultured 
for 5D1V in the presence of 10 :M roscovitine. For each condition, the explants were fixed 
and the supernumerary zones were counted after myosin VI(a immunostaining. 

Quuntijtcution of HCs within the organ of Corti 

Quantitative analysis of supernumerary HCs production was obtained by counting the 
number of HCs per length and surface of sensory epithelium regions from the medium turn as 
previously described (Malgrange et al. 2002c). If supernumerary cells were actually 
produced, the number of cells per unit of length should increase while the number of cells per 
surface unit should remain a, the same level. After showing that new ceus effectively arose in 
our cultures conditions, the extent of supernumerary HCs was determined by measuring the 
length of the supernumerary zone on images obtained from the confocal microscope. The 
tbtal length of each organ of Corti explant was measured and the extent of the region wi* 
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supernumerary HCs was expressed as percent of total length. These supernumerary regions 
were defined by the presence of more than tour rows of HCs. 

Western blot analysis 

Cultured organs of Cotti fiom 10 cochleae for each experimental condition were lysed 
in homogenisation buffer containing OF 60 mM ^glycerophosphate; 15 mM p-nioophenyl 
phosphate, 25 mM MOPS (pH 7.2), 15 mM BQTA. 15 mM MgCb, I mM DTT, 1 mM 
sodium orthovanadatc, I mM sodium fluoride. I mM phenyl phosphate. 10 ;g/ml leupeprin. 
10 :g/ml aproiinin. 10 :g/ml soybean trypsin inhibitor and 100 M benzidine. After 
sonication, insoluble material was removed by centrifugation at 12 000 g for 15 minutes at 
4-C. Protein concentration was determined by the Bradford assay (Biorad). For crude extract 
analysis, proteins were heat denanirated in LaemmK sample buffer arid resolved by 10 % 
SDS-PAGB (0.75 mm thick gels) followed by transfer on 0.1 :m nitrocellulose filters 
(Schleicher and Schuell). These were blocked with 5 % low fat milk in Tris-Buffcred Saline- 
Tween-20 for .1 hour at room temperature, then incubated 1 hour with nmi-PSTATRE 
(1:3000, P7962, Sigma); anti-CDlCS (1:500, SC-173, Santa Cruz). anti-CDK7 (1:500. SC- 
529, SantaCurz) or anti-ERKl (1:4000. M7927. Sigma), and analyzed by Enhanced 
ChemHummescence (ECL. Amersham). Quantification of the results was carried out by 
detisitomecric analysis using Image Master ID (Amersham-phatmacia. Belgium). 

affinity matrices 

Puivalanol (NO-95) and p9 ri£Sto » affinity matrices were synthesized as described 
(Borgne and Meljer. l996;Chang et al. 1999;Rosania et al. l999;Knockacrt et at. 2000). Jusv 
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before use, 10 :1 of settled beads were washed in 1 ml or Bead Buffer (SO mM Tris pH 7.4. 5 
mM NaF, 250 mM NaCl, 5 mM EDTA. 5 mM EGTA, 0-1% Nonidet P-40. 10 :g/mt 
leupeptin, 10 :g/ml aprotinin, 10 :g/ffll soybean trypsin inhibitor. 100 :M benzathine) and 
resuspended in 400 :1 of this buffer. Cell extracts prepared as described above were then 
added (1 mg total protein) and the tubes rotated at 4°C tor 30 minutes. After a brief spin, the 
supernatant was removed and the beads were washed four times with I ml Bead Buffer 
before addition of SO :1 of Laemmli sample buffer. Following heat denaturation for 3 minutes, 
the bound proteins were resolved by SDS-PAGE and analyzed by Western blotting as 
described above. 

Quantification of CDK activity 

p9 cica«i. sepharose af{mity purification was also used to determine the histone HI 
kinase activity of bound CDKl and CDK2. After purification as described above, the 
p9 CKSh»«. sepharose fcpajes were incubated for 30 min at 30°C with I :Ci {"PJ AlF (1-3 
Ci/mmol. Amersham) in the presence of 25 ng histone HI (Type Ill-S. Sigma) in a final 
volume of 30 p.1 of buffer C (homogentotion buffer but 5 mM EGTA. no NaF and no 
protease inhibitors). Assays were terminated by transferring the tube on ice. 30 :1 2* Laemmli 
sample buffer was added. Phosphorylation of the substrate was assessed by autoradiography 
after SDS-PAGE. 
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RESULTS 

Induction of supernumerary hair cells by roscovitine and by other kinase inhibitors 

Cochlear explains from £19 rat embiyos developed a normal sensory epithelium after 
5 days in culture with a single row of inner hair cells and three rows of outer hair ceils, both 
being specifically stained with myosin Vila (Figure 2 A, D). Inner and outer HQs are 
supported! respectively, by one row of inner phalangeal cells (IPC) und three rows of 
Deiters'cells. both specifically stained with anti-jagged I antibodies as previously described 
(Zine et al T 2000) (Figure 1. Figure 2 B. E). Cultures treated during 5 days with 10 :M ' 
roscovitine developed a higher number of supernumerary HCs and corresponding SCs (i.e. 
Deiters' cells and IPC) organized in rows as in control conditions (Figure 2G'L). The 
supernumerary regions were characterized by four to nine rows of outer HCs, two to three 
rows of inner HCs and six to twelve rows of the corresponding SCs. However, all the 
roscovitinc-induced supernumerary HCs were still separated from each other by intervening 
SCs. The production of supernumerary HCs was confirmed with photonic microscopy of 
sections through the organ of Corti and with scanning electronic microscopic studies (Figure 

To ascertain whether the effect of roscovitine was mediated by the inhibition of 
specific kinases, we tested a series of chemically related and unrelated CDK inhibitors (Table 
1). The 2,6,9 -tri-substituted purines were all able to induce the appearance of supernumerary 
HCs. Their efficiency in inducing this effect on isolated organs of Corti correlated with their 
potency in inhibiting COKs (aminopurvaianol > roscovitine > olomoucine). The kinase 
inhibitors* inactive analogues, methyl-aminopurvalanol (Chang et al, 1999;Knockaert et al, 
2000) and iso-olornoueinc (Vcsely ci al. 1994) had no effect on the isolated organs of Corti 
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(Table 1). Other, chemically different, CDK1/2/5 inhibitors such as mdimbmO'-monoxime 
(Hoesse! et A and alsterpaullone (Schultz et al, 1999) also induced the appearance of 
supernumerary HCs while the CDK4/6 inhibitor, fascaplysin (Soni et al. 2000) bad no effect. 

• Since roscovirine, and other CDK inhibitory purines inhibit CDK.7, that is involved in 
activation of transcription, we tested two inhibitors of tianscription: 6-dichloro-l-beta-D- 
ribobenzimidazole (ORB) and actinomycin D (Pcdrein, et al, 1996;Liu et al, 2000). Both 
actinomyein D and DRD were able to induce supernumerary HCs (Table 1). 

Rcscovuine, and other CDK inhibitory purines have been shown to inhibit the MAP 

Kinases ERKI and EPJtt in vitro and in vivo (Meijer et al, 1997;Knockaert et al. 

2000;Knockaertand Meijer, 2002). We therefor* used the MAP* pathway iruubitor, U0126 

(Favuta et al. 1998). F.ven at concentrations as high as 100 :M . U0126 did not induce 

supernumerary HCs (Tabic l). 

Dependence, time-course a, t d developmental regulation of roscovitine-induced 
supernumerary HCs 

In order to rule out a possible rearrangemeni of the HCs in the organ of Corti due to a 
compression of the explant or to a migration of the sensory cells, we assessed the number of 
HCs per surface unit and length unit in control and roscovitine-rreated explants (Malgcange 
ct al. 2002c). The results showed that the density of HCs per surface unit in roscoviune- 
.reated explants remained identical to that of control . explants. These data clearly 
demonstrated that supernumerary HCs arose from an actual increase in number rather than 
.. from a rearrangement of the existing HCs. The length of C 19 rat organs of Corti explants 
containing supernumerary HCs increased as the conception of roscovitinc was raised 
(Figure 4A). At 10 :M roscuvitine and after SDtV. supernumerary segments represented 52.9 
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% V 4.3 (mean V S.D., n = 4 independent experiments) of the total length of the explants. At 
higher concentrations (30 and 100 :M> roscovitine was Found to be toxic for all cells in the 
organ of Corti (data not shown). In contrast the average thickness (number of HCs tows) or 
supernumerary HCs segemeuts was also significantly higher in roscovitme-treated vs. control 

explants (data not shown). 

The efTect of roscovitine on the development of supernumerary HCs was directly 
related to die duration of treatment (Figure 4B>. The average length of supernumerary zones 
in the E19 rat organ of Cord explants maintained in the presence of 10 :M roseoviune 
increased progressively with time in culture, yielding a significant effect after AD1V 
treatment, and a maximal effect subsequendy to a 5DIV. The spontaneous occurrence of 
supernumerary HCs in cultured organotypic explants of organ of Corti decreased from El 7 to 
PO and this process.to.ally vanished atP2 (figure 4C). Likewise, the effect of roscovitine on 
the induction of supernumerary HCs culminated at E17. sightly decreased at E19 and 
disappeared at PO. 

Mechanise, of roscovuine-induced supernumerary HC* does no, rely on the regulation of 

cell proliferation and apoptotic cell death 

Roscovitine, like other CDK. inhibitors, has potent anti-mitoric properties ((Meijer et 
al. 1997;Alcssi et al. l99*Mgbonyebi et al. i999 : Kee«r and Gilbert, 2002); reviewed in 
(fluolamwini. 2000:Knockaer. et al. 2002b). Therefore, we investigated cell proliferation in 
E19 explanta of organ of Corti treated with roscovitine. Explants were incubated for either 2 
or 5 DIV in the presence of 10 :M BrdU. No epithelial cells were labeled with BtdU in the 
area of HCs and SCs (figure 5). Confocal analyses .displayed mitotic figures that were 
observed exclusively in connective tissues of mesenchymal origin, while no BrdU positive 



15 



cells were found within the planes of the sensory epithelium (figure 5). The rate of 
proliferation of mesenchymal cells located in connective tissue areas was actually higher in 
the absence of roscovitine (data not shown) consistent with its well established effect on eell 
cycle progression. 

To determine whether apoptosis was implicated in HCs and SCa differentiation, E19 
nit organ of Corti explants were double-stained for DNA fragmentation (TUN EL positive) 
and for f-actin in the stetcocilia bundles and cuticular plate. After 1, 2 or 5 DW, no TUNEL 
positive nuclei were identified either in control or routine ( 10 :M) treated cultures (data 
not shown), the evidence that supernumerary HCs and corresponding SCs occur in the 
absence of cell division and apoptosis thus strongly supports the hypothesis of a direct 
differentiation of pre-existing immature progenitors cells into both HCs and corresponding 
SCs. 

Immunohistachemical location of molecular targets of routine in the EI 9 rat organ of 
Corti 

■ in order to characterise the molecular components of 
underlying the effect of roscovitine on supernumerary £ ^AW-tod JjfiKSSS 
r-ntr i rnifJ PDK5 CDK7 and ERKl/2 by immunohistochemistry using sections wu» 
ffiffSS^^SSnSS 6). CDK1.CDK5 CO? j£ 
Squitously expressed throughout the «oTC«m. n ^„^W 8 (h in 

Interestingly. CDK2 was found to ^^S^^^Su^^ of Corti. The 

shwon). 

Expression of molecular tar S ets of routine '«£ "J^^^ Sowbtg affinity 
We next investigated the levels of expression of CDKs ana fcRNs £ " J? nf Corti 
purificadon (£gure 7). *We wanted to compate ^J^^i^ffi 
between two developmental stages. i.e. El 9 and P0. ^J.^^*^ rat organs of 
insensitive to roscovitine for the induction ot supernumerary HC*. r.19 ana ku ra i fa * 
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. . ' . rnK , CDK2 and their associated proteins were purified by 
Corn "ere dissected, lyscd ^ ™ ^aminalbn homologuc of CKSl from 

affinity chromatography on P 9 SchizoS accn a romyces pombe (Sorgne and 

Saccharomyce* cerevxute and pl3 «J» of CDK1/2 was assessed by inimnnoblotting 
Meijer, l996;Ch»nget al, ,1999). The e *P£*f"> ' h ile the expression of CPK2 done was 
analysis using PSTAlRE «pg«i"^ v ^ shown" Figure 7A, the expression of 
evaluated by a specific *™^™^ t £ h Son (el vivo explants and cultures 
CDKl/2 diminished be«*een ^Ij^. ^ToTcO^ remained more constant (figure 
with oc without roscovitine). In conh*st to level ot u ^ CDK t 

^5X^^~ ^r^esence of roscovitme both with HI, 

the recovery of CCK5. CDK7. UU and ggg^J^ * a l, 2002a). The expression of 
2.6.9-trisubstituted purines (Knock** e «t, 2000 cuUwC ^ in exp ants 
CDiCS ex vivo was slightly higher a h\ 9 ex wo ana n presence of roscovitine. 

isolated from E19 organs of Com both in control *ndu.on »d m J* p ^ ^ 

diminished between E19 and PQ for each condit^ .* ^ an ^ RRK2 was not different 
ofnot of roscovitine (figure 7C). The JJPJ^™ 7B and 7F). In contrast. 

* ft «P ^ - roseate 



treatment 



P0 organs of Corti dunng roscovitine-induced tics ano assessc d for dieir ability to 
MMFigure 8). pv^'-scpharosc affimoy P un ^tS"cS«Tc^ntrol conditions was 
P^osp^oW^one HI As shown ,£ f J^^ZT^7rZ ^^o^^- 
higher in cultures from E19 organs of Com. Mfved a significant inhibition of 

Furthermore, in the presence of ro «?X^in^«ntwUh E19 cultured organs oFCort,. 
CDK.l/2 kinase activity that was relatively more important wun 

ofs*?— HCs ana SCs by — m*- *. — 

We next investigated whether the JJSl&t^ 
downstream of the roscovitine ^ J^*YJ5ftL m fce wore expoTed tp rOSCovUine 
When organsof Corti dissected trom f^J^^etnumetary HCs, (Figure 9A). 
for 5DTV we observed ^^J73£ of E»SJ Af«^-noll mutant mice 
Myosin VllA staining was absent m the c ^™ a h ft) or in the presence of 

Mathl 3 ** 3 **) cultured for 5DIV in control medium (data |hftt ^ was 

oscovitine (Figure 9B). In A**/ "** mice, * ^Cjam et al., 1999). After 
Uicted to the HCs of*. ^^J^^^l^ of roscovitine at 10 :M. 

culturing E15.5 MaiM ^^T^^^^^ 5tttWnB <* gU * 

supernumerary HCs were present and identified by a my ^ L& ^ 
9C). These supernumerary myosin VllA positive cells are 
positive. 
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^T^mtimauan organ of Corn is a one of a kind I sensory 

However a oroduction of supernumerary HCs has been snown 10 WC "'*V . t . . 

transcription factors (Zme et al, 2001). Our results, 1^^*^ f large numb er 
other pharmacologic al inhihi^p^n ^ ^^!S!S b BW - organs 
oF supeinumeniry HCs and corresponding SO, (t.e. uctren* ecu* « 

ofCorti. 

. Evidence baaed on myosin VIIA staining ^ s ^ a n, " g _„^ ted |n lh e presence 
Observations snowed that all HCs, inching KSSS- eStaU for 5 

of roseovitine, shared the same phenotype in E19 rat organs <* ^""J " or8atvof Corti 
£1 In addition, in supernumerary *>^^ SCs. 
was conserved, as we never observed f re * f X/'"?,^^ ^ve retained the capacity to 
Taken togedier. these ^^ti^iSS^ ££5d£E differentiate into newly 
become HCs or correspondmg SC can be induj-eaoy ros recapitulates the events 

formed cells according to a developmental program that UKeiy recapi 
occuring during normal ontogenesis. 

The activity of CDKs critically «»ttibute> to ' 2Q01) Roscov i tiw . has 

proliferation and differentiation in several cell types P*^"*).™^ c £ Ie proaress ion 
VI described to induce cell *» 
leading to an arrest of proliferatmn + *£S£m~** SC * becauS * "° CC " 

not involved in the production of ^^^.^^^epiihelium from El* tats, 
proliferation was ever observed in cultured mart sensory JJJ ff {ated ^ 
Roseovitine has also been described as a P^jg^ZSZ and Paube?, 2001) or n anti- 
by blocking the cell cycle (Edamatsu et al, « i™wi*uu et al, 1998). 

apoptotic agent on differentiated cells ^«^ < 2£ ■pfitan •«« 5 days of 
TUN EL studies revealed no apoptonc cells with n _ the senJW epw interaction 
culture, both in control or roseovitine -treated ^^ r ^^ crio Tof supernumerary 
of roseovitine with apoptotic processes W^.J"^ * a apoptosis in the presence of 

HCs and corresponding SCs. The absence of P~^^7 p ^Stypic conversion of P re- 
roscovitinewimmtiieorg^ofcon.argaesmfavorotad^ fa 

existing cells into HCs and corresponding SCs. Cell co ^ 1996) , in 
amphibian lateral line organ J as %^ a ^ 
. amphibian vestibular sensory epithelium after aminoglycoside inau« 
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al t 2000), in avian basilar papilla after noise trauma (Adler and Raphael, 1996) or 
aminoglycoside damage (Adler et al t 1997), and in utricular macula of mature guinea-pigs 
following gentamichvinduced HC death (Forge et al, l998;Kopke et ai, 2001). 

The targets of roscovitine in the organ ofConi 

Roscovitine is a pharmacological inhibitor of protein kinases which has been tested on 
over 25 kinases and possesses a high specificity for CDiCl, 2, 5, 7 and the MAP kinases 
ERKl and ERK2 (Meijer et al, 1997). We thus wondered whether the generation of 
supernumerary HCs and corresponding SCs in the organ of Corti was the result of the 
inhibition of any specific rascovitine's kinase targets. Roscovitine and other 2,6,9-tri- 
substimted purines, i.e. olontoucine and ammopurvalanol, are known to inhibit ERKl and 
ERK2. However, (JO 126 which is a specific antagonist of the MAP Kinase pathway (Favata 
et al, 1998), did not induce the appearance of supernumerary cells. These data suggest that 
inhibition of ERK1/2 is unlikely to participate to the mechanism Of action of roscovitine on 
the isolated organ of Corti. Fascaplysin, a CDK4 and CD KG specific inhibitor (Knockaert ct 
a!, 2002b), did not trigger the appearance Of supernumerary cells. Furthermore, all other CDK 
inhibitors used in this study have no effect on CDK4, and yet triggered the appearance of 
supernumerary HCs and corresponding SCs (Table 1). Altogether this supports the view that 
CDK4/6 inhibition is not required for supernumerary HCs and corresponding SCs 
differentiation. We also observed that roscovitine analogues non-structurally related such as 
alsterpaullone and indirubinO'-monoximc which are COK1 ,2,5,7 inhibitors like roscovitine 
but devoid of effect on the MAP Kinase pathway also induced supernumerary HCs and 
corresponding SCs. Altogether, this suggests that roscovitine stimulates the differentiation of 
supernumerary cells by the inhibition of a subset of CDKs. i.e. CDK I, CDK2, CDK5 and 
CDK7. 

Hansen # j celts, the roscavitine-sensUive HCs and corresponding SCs progenitor cells ? 

There is compelling evidence from both mammals and non-mammals that HCs and 
SCs share a common progenitor (Keltey et al, 1995;Fekete et al, 1998;Lang and Fekcte, 
200l;MaIgrange et al, 2002a). These models suggest that uncommitted cells within 
developing sensory epithelia essentially compete to become committed to the HC phenotype. 
Once an individual cell has become committed to differentiate as a HC, that cell then exerts a 
form of lateral inhibition on any neighboring cells that it contacts, so that the immediate 
neighbors of HCs are prevented from differentiating as HCs. Those inhibited cells are 
constrained to differentiate as Dciters cells. Indeed, in all in vitro and in vivo models, the 
appearance of supernumerary HCs is systematically accompanied by the production of 
supernumerary Deiters' cells or pillar cells while no overproduction of Hensen's cells have 
been described (Kelley et al, 1993;Zine et al, 2001). Our immunocytochemical data revealed 
that potential molecular targets of roscovitine, i.e. CDK1 ,2,5,7 are all ubiquitously expressed 
in the organ of Corti except COK2 which is only expressed in Hensen's cells and to a lesser 
extend in pillar cells. In addition our previous works demonstrated the role of Hensen's cells 
as possible progenitors for HCs and corresponding SCs (Malgrange et al, 2002c). All together 
these results suggest that Hensen's cells are suited candidates to represent the cellular source 
of rosco vitine-induced supernumerary HCs and corresponding SCs. 

Molecular insights from developmental regulation of roscovitine-induced supernumerary 
HQs and corresponding SCs 
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In order to untangle respective roles of CDitl ,2,5,7 in the transduction pathway 
underlying the induction of supernumerary cells in the organ of Corti by roscovitine, wc 
compared • levels of protein expression between two developmental stages that were 
permissive (E19) or repressive (PO) with respect to this phenomenon. Moreover, not only 
spontaneous supernumerary cells .were more seldom at PO than at El 9 bul the stimulation of 
this process by roscovitine was absent at PO and sustained a high level at £19. At different 
extent, CDBCl ,2 and 5 expression were decreased at PO ex vivo, consistent with the lower rate 
of emergence of supernumerary cells and with the absence of effect of roscovitine at this 
stage. The fact that transcription inhibitors such as actinomycin D and DRB also induce the 
apparition of supernumerary HCs and corresponding supporting cells, strongly suggest that 
inhibition of CDK7 could be involved. 

Altogether these results indicates that CDKl,2,5 and 7 are good candidates to mediate 
roscovitine effect on HCs and corresponding SCs differentiation. However, in the absence of 
selective non-overlapping inhibitors, we cannot unravel to what extent one of these kinases 
may have a prominent function. In other tissues, CDKs expression and activities have been 
shown to decline with the cellular differentiation (Flink et at, l998;Gao et al, 1999)- For 
example, CDKi,2,5 ate key regulators of neuronal differentiation. Neuritic outgrowth and 
upregulation of MAP2 protein expression are induced by the inhibition of CDFC2 (Dcbashi et 
al, l995;Dobashi et al, 2000) and CDK5 activity is essential for neuronal migration and 
neuritic outgrowth (Tsai'et al, l990;Nikolic et at. 1996). However, at present, the final 
demonstration of the involvement of CDK5 inhibition in the differentiation process induced 
by roscovitine would require further investigation, specially with CDK3-/-, p35 -/- and p39- 
/- knock-out mice. 

We also demonstrated that CDfCl/2 kinase activity was higher at El 9 than at PO and 
was actively inhibited by roscovitine at both stages but more severely at El 9. The 
confirmation that roscovitine inhibited CDK. enzymatic activity validated that this 
pharmacological agent was indeed exerting its normal biochemical properties in our in vitro 
model of organotypic cultures of organ of Corti. 

Math! acts downstream of roscovitine 

We have observed that Mathl, a bHLH proneural gene, is necessary for the 
production of HCs induced by roscovitine since in organ of Corti explants from Math I 

no HCs are produced in the presence of Roscovitine. In addition in heterozygote mice, 
Mathl is upicgulated in supernumerary HCs generated by roscovitine. These results confirm 
previous reports showing that Mathl is necessary and sufficient for the differentiation of HCs 
iathe mammals cochlea (Bermingham et al., l999;Zheng and Gao, 2000). They demonstrate 
(hat roscovitine requires the downstream intervention of Mathl for its differentiating effect 

In conclusion, the results of our experiments suggest that CDKs play a role in cellular 
differentiation in the organ the Corti. The biochemical mechanism underlying this effect on 
the differentiation of sensory cells and of supporting ceils in the organ of Corti remains to be 
clearly understood. This will require the identification of the involved CDKs as well as their 
substrates whose phosphorylation directly affects cell differentiation. The decision to become 
either a HC or a SC involves positive and negative regulators, in particular bHUI 
transcription factors and the Notch pathway {Lanford et al, 1 99 9; Bermingham et al. 
I999;2heng et al, 2000;Zine et al, 2001). The balance between these positive and negative 
regulators play an essential role during the development of the organ of Corti and the absence 




20 



or the inhibition of one of these factors may break an equihbrium and gjve nse to the absence 
?n££uk, in Math! null mice (Benningham et al. 1999). or in to the ovcrproduchon of 
HCiin the case of Jagged-2, HES1 or HESS knockout animals (Lanford et al l999;Zine et 
5 2001? • • foscovitine inhibits a selection of CDKs which leads to the 

inhibition of either the phosphorylation of factors repressing the differentiation -n HC 
nhenotype (in case of CDKI, CDK2 or CDKS inhibition) or to repression of t^*P«es*°n 
of a HC differentiation inhibitor (in case of CDK7 inhibition). In thts context, HES I and 3 
are jessed in the developing organ of Corti especially in the Hansen's wlls<2heng et al., 
2000^ine et al., 2001) and could possibly be the phosphorylation targets of CDKs. 
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FIGURE LEGENDS 

Ftgur* I. Schematic representation of the structure of the cultured organ ofCpr^ 
Cross-sectional representation (B) and corresponding surface v.ew (A) of the >ensory 
epithelium at E19 as observed in organotypic explant cultures. IHC. mner ha.r cell; 01-03. 
outeTEair cells; dl-d3. Deters' cells; tl-t2, tectal cells; bl-b4, Helen's cells; Jt. 
SYrtectal cells; p. pillar cells; ipc inner phalangeal cells; be, border cells-Color codes of A 
refer to B cell subtypes. 

Flsure 2l Hair cells and Dclters' eells development In E19 rat organs of Cortl fonowinft 
5 days or culture in control medium (A-F) or in the presence of 10 :M "^^t?" 1 ^ 
The expression patterns of Myosin VXIA (A.D.GJ) and Jaggedl <B.E,H,K> .n control (A-t) 
^ rScovitine treated (G-L) £19 rat organs of Cotti at 3 DIV was uive* g*JV 
amnu^otabeling and confocal microscopy. A-C, D,F, C-l. M. represent single • ^oMopi. 
fields visualised in z-sections stack by confocal imaging. Scale bars » \> :m for all panels. 

Fignre 3. Roscovltine triggers the appearance of supernumerary 
Corti from E19 rat embryos were cultured for 5 days in the absence (A, C) or presence <B, D) 
of 10 :M roscovitine. Explants were analysed by photonic microscopy after ^"'^ blue - 
■ staining of semi-thin sections (A, B) or by scanning electron m-croscopy C D X fajJ-JJ 
(Q hair cells are arranged in three orderly rows for outer hair cc la (OHC) and a ^Stngl^ tow 
for mner hair cells (IHC). showing uniform orientation of their stercoc.lwry bundle In 
SscoviUne-created explants (D) many supernumerary OHCs were present while the iMCs 
were barely visible due to ^growth of a tectorial membrane. Bar - l>:m for all panels. 
Figure 4. Roscovltine effects: dose-response (A), kinetics (B) ™**Z^n£inW 
sulcificlty IC). (A) dosc-responsc curve for roscovitinc-induced supernumerary HCs m t ti 
orgfn of Corti exphfnts. Each data bar represent ^^^Rl^TE^f 
HCs regions for a minimum of 4 explants per experiment (B) The mean lengm ^or 
supernumerary HCs region, in control condition or in *e P«sence of was 
calculated as a function of time in culture with E.I9 rat organ of Corti 
Developmental sage dependence of roscovitine-induced J^^^L .f gippo W 
roscovitine was added to rat organ of Corti explants dissected ™ 
and P4 The mean length of supernumerary HCs regions was monitored after > days m 
culture. ResulTs were- expressed' as mean V sem (n = 5>- S^atisucal significance was 
determined using a Student's Mest. » - p< 0.05 and *** » p<0.00l . 

Figure 5. Roscovitine does not interfere with cell proliferation ^ ^^fg^iju 
orean of Cord. Confocal images of the expression pattern of Myosin VflA <A.C), jaggeat 
*eTg) and cok2 (I.K) double lasted with BrdU (B.C.F.GJ and K) in ^^StS^ 
of EI9 cochleas after 5DIV showing that none of these ™*™^^^?™ f 
positive cells that were only located in connective tissues. Z-senes of 'he entire 
Ae exolant were saved and recombined to produce a single image. (D.H.L). ^namaa. 
aSwTrSipTrtmgac^oss-sectional view of ihe cytoarchitcctural structure of organs .of *«* 
trSt£ of 8 immuno S taining. Red-colored celts ^^^t^lT^l 
nositive cells (D), jagged 1-positive cells (H) and cdk2-posinve cells , ism 
nSmblS gUn ^.resent the location of dividing cells (i*. BrdU positive) that werv 
all observed outside the sensory epithelium. Scale Bar- 15 M for all panels. 
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Figure 6. la situ immunohistochemical localization of CDKi, CDK2 T CDK5» CDK7 and 
ERKl/2 in £19 rat organs of CortL El 9 rat organ of Com sections immunostained with 
amt-CDKl (A,C), anti-CDK2 (D f F), anti«CDK5 (GJ), antt-CDK7 (J r L), anti-ERKl/2 (M,0) 
antibodies and phalloidin-TRlTC (3-actin in B,C.E,F\HJ,KX>N). Recapitulative table of 
immunopositive cell phenotypes for each protein (P). Brackets = HCs, p = Pillar cells, d ~ 
Deters 1 cells, h — Henscn's cells, ct - connective tissue, act «■ 3-actin. 

Figure 7. Kinases expression in El 9 and PO organs of Corti explants ex vivo or cultured 
with or without 10 :M roscovitlne. Levels of protein expression for CDKl/2 (A), CDK2 
(B), CDK3 (C). CDK7 (D), ERfCl (E) and ERK2 (F) were analysed by Western immunoblot 
analysis at E19 and PO after affinity purification on p9 CKSh * 1 or aminopurvalanol (p95) beads. 
Organs of Corti were dissected from El 9 and PO rats and protein levels were quantified 
directly (ex vivo condition) or after 5DIV in the presence or absence of 10 :M roscovitlne. 
Results were expressed as percentages of protein levels observed in £19 ex vivo explants. 

Figure 8. Effect of treatment with 10 :M rose ovi tine on CDKl/2 activity in £19 and PO 
cultured organs of Corti after 5DIV. Kinase assays were performed using histone HI as a 
substrate in die presence of 15 :M ATP. Reactions were stopped by addition of 40 :I of 
taemmli sample buffer. Samples were boiled and separated by 10% SDS-PAGE. Gels were 
diced and subjected to autoradiography. Densitometiic analysis was performed using Image 
Master ID software. 

Figure 9. Mathl is necessary for hair cell production induced by roscovitlne. Surface 
views at the middle turn of an ElS/V/a/A/ ~* (A), an EI5.5 Math! 3 ' ***** (D) and an £15.5 
Mathl ****(Ci cochleas in culture for 5D1V in the presence of roscovitine (10;M). Myosin 
VILA immunostaining is represented in brown and 3 -gal staining is in blue. Bar «■ 15 :tn. 
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Table 1. Induction of supernumerary HCs by various kinases inhibitors. Compounds 
were tested at various concentrations for their ability to induce supernumerary HCs m 
Sated organs ofCoiti. The lowest concentration inducing maximum effect is 
active compounds Che highest concentration tested is shown «n parentheses. In 

the MAP kinase kinase inhibitor UO 1 26 and the ^^j?^32 
acUnomycin D and URB were also tested. The [Cso values of all compounds for CDKWcychn 
B inhibition is also provided. • - maximum concentranon tested. 



toucine 



rwitine 



lopurvalanol 
»lo monetae 



tthyt-arainopurvalanol 
ncihyl-aminopurvalanol 



rpaullone 



Target 



CDKl, 2, 5 and 7 and MAFK 
pathway 



CDKI, 2, 5 aiul 7 and MAPK 
pathway 



CDKl. 2, 5 and 7 and MAPK 
pathway 



Concentration inducing 
maximum 

supernumerary HCs 
differentiation 



30_ 
10 



non-effecuve analogue of 
olomoucine 



non-eitective analogue of 
aminopurvaianol 



igjysfa 

26 



uonvycln D 



COKl. 2. 5 and 7 and MAPK 
pathway 



CDKl. 2 t 5 and 7 



CDK4 and 6 



MAPK. pathway 



Transcription inhibition 



Transcription inhibition 



no effect (tOQ: NO* 



no effect (100 :M) * 



10 



nn e ffect HOO :M)» 
no effect (1Q0 :M); 



0,0001 (toxic at higher 
concentrations^ 



0,01 (toxic at higher 
concentrations) 



CDKl Inhibition 

(IC5* :M) 
(Knoclcaert et al, 
2002b) 



0,45 



0,004 



>500 



> 100 



0,035 



o.ia 



no effect 



no effect 



?? 



?7 
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